ABSTRACT: Pseudomonas aeruginosa is a Gram-negative bacterium that utilizes substrate-specific outer membrane (OM) proteins for the uptake of small, water-soluble nutrients employed in the growth and function of the cell. In this paper, we present for the first time a comprehensive single-channel examination of seven members of the OM carboxylate channel K (OccK) subfamily. Recent biochemical, functional, and structural characterization of the OccK proteins revealed their common features, such as a closely related, monomeric, 18-stranded β-barrel conformation with a kidney-shaped transmembrane pore and the presence of a basic ladder within the channel lumen. Here, we report that the OccK proteins exhibited fairly distinct unitary conductance values, in a much broader range than previously expected, which includes low (∼40−100 pS) and medium (∼100−380 pS) conductance. These proteins showed diverse single-channel dynamics of current gating transitions, revealing one-open substate (OccK3), two-open substate (OccK4− OccK6), and three-open substate (OccK1, OccK2, and OccK7) kinetics with functionally distinct conformations. Interestingly, we discovered that anion selectivity is a conserved trait among the members of the OccK subfamily, confirming the presence of a net pool of positively charged residues within their central constriction. Moreover, these results are in accord with an increased specificity and selectivity of these protein channels for negatively charged, carboxylate-containing substrates. Our findings might ignite future functional examinations and full atomistic computational studies for unraveling a mechanistic understanding of the passage of small molecules across the lumen of substrate-specific, β-barrel OM proteins.
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Pseudomonas aeruginosa is a versatile human pathogen that exhibits a fundamental distinction from other Gram-negative organisms such as Escherichia coli, its unusually low outer membrane (OM) permeability. 1, 2 The major reason for this dissimilarity is the absence of the high-conductance and nonspecific porins, such as OM proteins F (OmpF) and C (OmpC), which are otherwise abundantly present in the OM of E. coli. To overcome the poor permeability of their OMs, pseudomonads utilize a range of specialized transport pathways through which the water-soluble, low-molecular mass substrates navigate into the periplasm. OprF is an OM protein A (OmpA) analogue porin in P. aeruginosa. 3 It has been shown by singlechannel reconstitution into planar lipid bilayers that OprF forms low-conductance protein channels and has an electrical signature decorated by occasional openings. 4 Moreover, P. aeruginosa has substrate-specific OM channels, such as OprP 5, 6 and OprB, 2, 7 which exhibit high transport selectivity for phosphate 3, 7 and sugar, 3, 7 respectively. The high-resolution Xray crystal structure of OprP revealed its trimeric assembly, an archetype of the OM porins, 8 and a basic ladder formed by nine arginines that are located from the extracellular surface to the constriction. 9 However, most small, water-soluble substrates are thought to be taken by the members of the OM carboxylate channel (Occ) family. 2, 3, 10, 11 This OM protein family from P. aeruginosa contains 19 substrate-specific channels that share significant amino acid similarity (40−50%). 12 Phylogenetic analysis indicated a division of the Occ family into the OccD and OccK subfamilies. 12, 13 The archetypes of these subfamilies are the OccD1 12,14−17 and OccK1 18, 19 channels, which are believed to facilitate the uptake of basic amino acids, 12, 14, 16 and vanillate 13, 18 and benzoate, 11 respectively. These sustained efforts to understand the major roles of the proteins of the Occ family were supplemented very recently by Eren and colleagues, who pursued biochemical, functional, and structural analysis of the substrate specificity of three OccD and six OccK protein channels. 11 This study confirmed that the OccD and OccK proteins share common structural features, such as the monomeric β-barrel conformation, which is quite different from what we have learned previously with trimeric porins of E. coli. 20, 21 Another hallmark structural trait of the Occ proteins is the presence of a basic ladder of arginines and lysines that are distributed from the extracellular surface to the constriction and from the constriction to the periplasmic surface. 11, 17, 18 Therefore, it was proposed that this basic ladder forms an energetically favorable conduit for the small, carboxylcontaining substrates, which are pulled into the cell to sustain its growth and function. 9, 11, 17, 18 The OccK proteins show more variability in terms of shape, size, and charge distribution along the channel longitudinal axis, suggesting distinctions in the functionality within this subfamily.
11 Recent X-ray crystallography information about OccK proteins 11 ignited a detailed biophysical inspection of these subfamily members at the single-channel level. The level of sequence conservation among the residues facing the central constriction of the OccK proteins is generally quite low ( Figure S1 of the Supporting Information), so different single-channel electrical signatures were expected.
In this work, we pursued a systematic examination of seven members of the OccK subfamily using single-channel electrophysiology on planar lipid bilayers. 22 The proteins inspected in this work were OccK1−OccK7 (formerly called OpdK, OpdF, OpdO, OpdL, OpdH, OpdQ, and OpdD, respectively). Among these proteins, OccK7 does not have an available crystal structure. Recently, we conducted a detailed biophysical analysis of the OccK1 channel. 19 The results show that all these OccK proteins possess channel forming activity in artificial planar lipid bilayers. We compared the OccK proteins based upon their unitary conductance, their kinetic and energetic data pertinent to single-channel discrete dynamics of their open substates, and their ionic selectivity. None of the OccK proteins forms a high-conductance channel, which is in accord with the recent high-resolution crystallographic information that revealed a narrow central constriction of these channels with a diameter in the range of 3.5−5.0 Å (Figure 1 ).
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■ MATERIALS AND METHODS
Cloning, Expression, and Purification of the OccK Proteins. The mature parts of the occK genes from P. aeruginosa were amplified by polymerase chain reaction from genomic DNA and cloned into E. coli expression vector pB22, 23, 24 having the signal sequence of E. coli OM protein YtfM and an N-terminal hexahistidine tag for purification. DNA sequencing was performed at the CFAR DNA sequencing facility (UMass Medical School, Worcester, MA). BL21(DE3) T1 phage-resistant cells (New England Biolabs, Ipswich, MA) were transformed with pB22-OccK constructs. The cells were grown to an OD 600 of 0.6 at 37°C, induced with 0.1% arabinose at 20°C overnight, and harvested by centrifugation at 4500 rpm for 30 min (Beckman Coulter, J6-MC). Cell pellets were suspended in TSB [20 mM Tris, 300 mM NaCl, and 10% glycerol (pH 8.0)], and cells were lysed by sonication (3 × 40 s intervals) (Branson Digital Sonifier). Total membranes were obtained by centrifugation at 40000 rpm for 40 min (45 Ti rotor, Beckman L8-70M ultracentrifuge). Membranes were homogenized in TSB and solubilized in 1% DM [n-decyl β-Dmaltopyranoside (Anatrace, Santa Clara, CA)] and 1% LDAO [n-dodecyl-N,N-dimethylamine N-oxide (Anatrace)] for 2 h at 4°C followed by centrifugation at 40000 rpm for 30 min to remove precipitates and unsolubilized membranes. The membrane extract was applied to a 10 mL nickel column. The column was washed with 10 column volumes (CV) of TSB containing 0.2% DM and 15 mM imidazole. The proteins were eluted with 3 CV of TSB containing 0.2% DM and 200 mM imidazole and further purified by gel filtration chromatography using 10 mM Tris, 50 mM NaCl, and 0.12% DM (pH 8.0). For final polishing and detergent exchange, another gel filtration chromatography step was performed. The buffer used for this column varied depending on the protein; for most of the channels, 10 mM Tris, 50 mM NaCl, and 0.3−0.35% C8E4 were used at pH 8.0. Typically, small amounts (0.02−0.1%) of another detergent (either LDAO, OG, DM, or diheptanoylphosphatidylcholine) were added to modify channel solubility. The purified proteins were concentrated to 5−15 mg/mL using 50 kDa molecular mass cutoff filters (Amicon) and directly flash-frozen in liquid nitrogen, without dialysis. The protein samples were aliquoted and kept at −80°C for several months. The purity of the OccK protein samples was assessed by sodium dodecyl sulfate−polyacrylamide gel electrophoresis.
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Single-Channel Current Recordings on Planar Lipid Bilayers. Single-channel current measurements were taken with planar lipid membranes. 25, 26 Briefly, both chambers (1.5 mL each) of the bilayer apparatus were separated by a 25 μm thick Teflon septum (Goodfellow Corp., Malvern, PA). An aperture in the septum with a diameter of ∼60 μm was pretreated with hexadecane (Aldrich Chemical Co., Milwaukee, WI) dissolved in highly purified n-pentane (Burdick & Jackson, Allied Signal Inc., Muskegon, MI) at a concentration of 10% (v/v). The standard electrolyte in both chambers consisted of 1000 mM KCl and 10 mM potassium phosphate (pH 7.4), unless otherwise stated. The bilayer was formed with 1,2-diphytanoyl-sn-glycerophosphocholine (Avanti Polar Lipids Inc., Alabaster, AL). OccK proteins were added to the cis chamber, which was grounded. A positive current is defined such that it represents a positive charge moving from the trans to cis chamber. Currents were recorded by using an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster City, CA) connected to the chambers by Ag/AgCl electrodes. An Optiplex Desktop Computer (Dell, Austin, TX) equipped with a Digitdata 1440 A/D converter (Axon Instruments) was used for data acquisition. The output from this amplifier was also filtered by an eight-pole low-pass Bessel filter (model 900, Frequency Devices, Haverhill, MA) at a frequency of 10 kHz. The sampling rate was 50 kHz. Acquisition and analysis of single-channel data were performed using pClamp version 10.2 (Axon Instruments). The time resolution of the single-channel electrical recordings can be derived using the relationship for the rise time of the filter T r = 339/f c , where f c is the corner frequency of the low-pass Bessel filter. 27, 28 For example, for an f c value of 2 kHz, we obtain a T r of ∼170 μs. This value would give us a dead time (T d ) of 0.54T r = 92 μs. Events shorter than this value were missed. We used protein samples from one or more purification batches and found satisfactory reproducibility of the single-channel electrical signatures. We were able to consistently reproduce the single-channel electrical signatures of 12 members of the Occ family over the past few years. 11,17−19 In this work, all averaged single-channel data resulted from at least three distinct single-channel reconstitutions.
■ RESULTS
The Members of the OccK Subfamily Feature a Broad Range of Single-Channel Conductance Values. To obtain OccK3, (D) OccK4, (E) OccK5, (F) OccK6, and (G) OccK7. All-points current amplitude histograms (right) included all acquired data points in a single-channel electrical trace. Current levels were marked on both the single-channel electrical traces and the all-points current amplitude histograms. Substates O 1 −O 3 (if applicable) were assigned to the current levels from the lowest to the highest conductance values, respectively. The all-points current amplitude histograms were determined from single experiments, whose electrical traces are shown in the left panels. In this figure, the single-channel electrical traces corresponding to OccK1−OccK3, OccK5, and OccK7 were low-pass Bessel filtered at 2 kHz. Those singlechannel electrical traces corresponding to OccK4 and OccK6 were low-pass Bessel filtered at 10 kHz.
the single-channel electrical characteristics of the OccK proteins, we took our measurements in 1 M KCl and 10 mM potassium phosphate (pH 7.4). The unitary conductance values mentioned below are those corresponding to the most probable open substate of each channel. We determined that the unitary conductance of the OccK proteins covered a broad range, from ∼40 to ∼380 pS. Here, we define low-, medium-, and highconductance channels as OM proteins whose single-channel conductances of the most probable open substate are in the ranges of 0−100, 100−500, and 500−1000 pS, respectively. By comparing the unitary conductance among the seven members of the OccK subfamily, we divided them into two groups: (1) the medium-conductance channels, such as OccK1−OccK3, OccK5, and OccK7, whose single-channel conductance values, obtained at 60 mV, were 307 ± 14, 242 ± 40, 144 ± 36, 353 ± 22, and 379 ± 45 pS (n = 3 distinct single-channel experiments), respectively, and (2) the low-conductance channels, which include OccK4 and OccK6, whose singlechannel conductance values, under identical conditions, were 43 ± 11 and 71 ± 34 pS (n = 3), respectively.
OccK Proteins Exhibit Multistate, Single-Channel Dynamics. Recently, we showed that OccK1, the archetype of the OccK subfamily, has three major open substates. 19 Interestingly, all OccK proteins, except OccK3, have one dominant (or so-called "most probable") current level, which is decorated by other secondary short-lived open substates. We assigned substates O 1 −O 3 (if applicable) to the current levels from the lowest to the highest conductance values, respectively, as marked in Figure 2 . Table 1 All the dwell time histograms were fit to single-exponential distributions, as judged by log likelihood ratio (LLR) tests with a confidence level of 95%. 29 The fitting results gave us the mean lifetime, which is the reciprocal of the transition rates. For the two-open substate channels (OccK4−OccK6), we employed a simple two-open substate kinetic model, which has two wells and one energetic barrier ( Figure 4A ):
This kinetic scheme has two kinetic rate constants, k O 1 →O 2 and k O 2 →O 1 .
For three-open substate channels (OccK1, OccK2, and OccK7), we constructed a linear model with three wells and two energetic barriers ( Figure 4B ):
This kinetic scheme has four kinetic rate constants:
The details of this linear kinetic model are described in the Supporting Information. Here, we show the kinetic data of six OccK proteins ( Figure 5 ). In addition to the transition rate constants, we estimated their corresponding activation free energies based on the standard Arrhenius equation:
where k is the kinetic rate constant, ff is the frequency factor, ΔG ⧧ is the activation free energy, and R and T are the gas constant and absolute temperature, respectively.
The frequency factor in single-channel kinetics is usually taken to be 10 6 s −1
. 30 After calculating the activation free energy, we can determine the free energy difference (ΔG°) between two open substates. The free energy difference has a clear physical meaning; i.e., it reflects the probability ratio between different open substates:
In Figure 5 , we also show the scale of activation free energies. We present the kinetic rate constants on the right y-axis and the corresponding free energy expressed in RT units on the left yaxis to show the voltage dependence of these transitions. Note that as the activation free energy increases the rate constant decreases. The rate constant axis is in a logarithm scale, and the positive direction is downward. We were not able to find a voltage dependence of the kinetic rate constants for protein channels such as OccK2, OccK5, and OccK7. For instance,
and k O 2 →O 3 of the OccK2 protein were always in the range of ∼4200 ± 1500, ∼35 ± 15, ∼8000 ± 3000, and ∼15 ± 10 s −1 , respectively, regardless of the applied voltage ( Figure 5A ). Similarly, k O 1 →O 2 and k O 2 →O 1 of the OccK5 protein were always ∼1800 ± 300 and ∼65 ± 15 s −1 , respectively ( Figure 5C ). OccK7 exhibited a similar voltageindependent kinetic profile ( Figure 5E ). In contrast, the lowconductance OccK4 and OccK6 channels revealed a voltage dependence of their kinetic rate constants and of their free energy difference between the open substates ( Figure 5C,E) .
Voltage Dependence of the Free Energy Landscapes of the Low-Conductance OccK4 and OccK6 Channels. We constructed the voltage-dependent models of the free energy landscape of the low-conductance OccK protein channels ( Figure 6A,B , whereas at 80 mV, its value was (9.7 ± 0.3) × 10 3 s −1 . These results were also obtained at a negative polarity of the applied transmembrane potential, revealing the symmetry of the kinetic transitions in OccK4 with respect to voltage. We conclude that increasing the applied transmembrane potential decreases the activation free energy of the O 1 → O 2 current transitions but increases the activation free energy of the O 2 → O 1 current transitions ( Figure 6A ). On the other hand, OccK6 showed a monotonic decrease in the k O 1 →O 2 kinetic rate constant from 10.1 ± 1.3 to 2.3 ± 0.3 s Detailed Inspection of the Ion Selectivity of the OccK1 Channel, the Archetype of the OccK Subfamily. We explored the preferential permeability of OccK1 for cations versus anions in the form of permeability ratio (P K /P Cl ) . The salt gradient assay was employed to determine the reversal 
where the variable a represents the activity of either potassium or chloride in either the cis (subscript c) or trans (subscript t) chamber. Here, F, R, and T are the Faraday constant, the gas constant, and the absolute temperature, respectively. First, we comprehensively inspected the ion selectivity of the OccK1 channel under various experimental circumstances, including different salt concentration gradients and different pH values. The current−voltage curves, which were determined at asymmetric ionic concentrations, are shown in Figure 7 . The x-axis intercept of the I−V curve is the desired reversal potential, which is used to offset the resting potential, making the current zero. In Table 2 , we present the reversal potential (V r ) and the calculated P K /P Cl (eq 3). Here, we define weakly anion selective, anion selective, and strongly anion selective channels as OM proteins whose permeability ratios (P K /P Cl ) are in the ranges of 0.2−1.0 (P Cl /P K in the range of 1−5), 0.1− 0.2 (P Cl /P K ≈ 5−10), and 0.01−0.1 (P Cl /P K ≈ 10−100), respectively.
Under all asymmetric conditions, the OccK1 protein exhibited a weak anion selectivity. For instance, under the experimental circumstances employed in this work, P K /P Cl was in the range of 0.35−0.79, so P Cl /P K was in the range of 1.3− 2.9. Parts A and B of Table 2 show the permeability ratios at pH 6.0 and 8.0, respectively, which give no statistically significant differences. The permeability ratios were greater when the KCl concentration was higher in the cis chamber than in the trans chamber. The reversal potentials were positive when the KCl concentration was higher in the trans chamber than in the cis chamber. When c cis = 0.2 M KCl and c trans = 1 M KCl, the reversal potentials at pH 6.0 and 8.0 were 13 ± 4 and 16 ± 1 mV (n = 3), respectively. On the other hand, when c cis = 1 M KCl and c trans = 0.2 M KCl, the reversal potentials at pH 6.0 and 8.0 were −3.2 ± 0.4 and −6.4 ± 3.2 mV (n = 3), respectively. Although different salt gradients resulted in slightly different values of selectivity (from ∼0.4 to ∼0.8), all these results hold the sign of the preferred charge; i.e., the OccK1 channel always preferably allows Cl − to penetrate more than K + , regardless of the experimental circumstances. The Figure 5 . Kinetic rate constants of the current gating transitions and their corresponding free energy differences as well as estimated activation free energies: (A) OccK1, (B) OccK2, (C) OccK4, (D) OccK5, (E) OccK6, and (F) OccK7. The activation free energies were estimated using a frequency factor of 10 −6 s −1 . 30 The left y-axes are the free energies in RT units, whereas the right y-axes are the corresponding kinetic rate constants. Note that the kinetic rate constant axis is in a log scale, and the positive direction is downward.
weak anion selectivity of the OccK1 channel is likely a result of the basic arginine ladder on the pore walls. 18 This observation is also in accord with the anionic nature of the preferred substrate of this channel (e.g., benzoate).
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The Anion Selectivity Is a Conserved Feature in the OccK Subfamily. We also inspected the ion selectivity of all six other OccK channels under one similar experimental condition, i.e., 0.2 M KCl in the cis chamber, 1 M KCl in the trans chamber, and 10 mM potassium phosphate (pH 7.4). All the results are listed in Table 3 . Strikingly, except for OccK3, all OccK proteins were anion selective. OccK5 was strongly anion selective, with P K /P Cl values of 0.01 ± 0.02. This finding correlated well with the presence of a net pool of seven positively charged residues in the central constriction of the OccK5 channel (Table 1) . OccK7 exhibited moderate anion selectivity (P K /P Cl = 0.18 ± 0.02), whereas OccK1, OccK2, OccK4, and OccK6 were weakly anion selective, with P K /P Cl ranging from ∼0.3 to ∼0.7. Overall, these results are in line with the net negative pool of positively charged residues in the central eyelet of the channel.
■ DISCUSSION
In this work, we conducted an extensive single-channel examination of the members of the OccK subfamily from P. aeruginosa. This detailed study was prompted by recent biochemical, functional, and structural analysis of the substrate specificity among the outer membrane carboxylate channels (Occ). 11 These OM protein channels exhibited diverse singlechannel electrical signatures, including a broad range of unitary conductance, between 40 Table 2 . The buffer solution contained 10 mM potassium phosphate. a The single-channel data were obtained under asymmetric conditions. The permeability ratio P K /P Cl was calculated using reversal potential (V r ). The buffer solutions contained 10 mM potassium phosphate. The data represent averages ± standard deviations over a number of at least three distinct single-channel recordings. 42.7 ± 3.1 ∼0.01 ± 0.02 strongly anion selective channel OccK6 6.7 ± 2.5 0.68 ± 0.10 weakly anion selective channel OccK7 25.7 ± 1.5 0.18 ± 0.02 anion selective channel a The reversal potential (V r ) is the applied transmembrane potential that offsets the resting potential of the channel in a 0.2 M KCl salt gradient on the cis side and a 1 M KCl salt gradient on the trans side. The chamber also contained 10 mM potassium phosphate (pH 7.4). The reversal potentials (V r ) were provided as averages ± the standard deviation over at least three independent single-channel experiments. Figure 6 ). This finding suggests that different mechanisms of the fluctuating parts of the low-conductance OccK channels are involved, resulting in upward largeamplitude current spikes that produce a more permeable pore. The members of the Occ family feature ∼40−50% sequence similarity, and the OccK subfamily members share an even greater sequence similarity of ∼50−55% ( Figure S1 of the Supporting Information). 3, 7, 11 According to the recently determined, high-resolution crystal structures of the OccK proteins, the diameter of their constriction, including the molecular surface generated by the van der Waals radii, varies in a narrow range, from ∼3.5 to ∼5 Å (Table 1) . On the other hand, the X-ray crystal structures of the OccK proteins were determined at widely varying pH values, between pH 4 and 8.5.
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The unitary conductance should be a complex function that depends not only on the cross-sectional diameter of the central constriction but also on the average diameter along the longitudinal axis along the channel lumen, and the charge distribution throughout the inner surface of the protein.
The most probable open substate in the OccK protein depends on the orientation of large extracellular loops L3, L4, and L7 within the pore lumen. The single-channel electrical signatures of these OccK proteins are highly diverse (Figure 2 ), suggesting that, despite their sequence homology and closely similar crosssectional diameter of the central constriction, minor alterations in the length, packing, and structure of the extracellular loops located within the channel lumen ( Figure S2 of the Supporting Information) have drastic implications on the unitary conductance as well as the functionality of these proteins. 33, 34 Several experimental details of our single-channel electrical recordings, such as the lipid composition of the membranes, the applied transmembrane potential, and the ion concentration in the chamber, depart from the physiological environment of P. aeruginosa. 2, 35 Given the duration of the fast and transient current fluctuations, it is conceivable that the single-channel current measured with the members of the OccK subfamily in 150 mM KCl at a transmembrane potential that is specific to outer membrane proteins (approximately several millivolts) would not allow the detection of resolvable open substates. Therefore, a meaningful comparison among all members of the OccK subfamily required a substantial improvement in the signal-to-noise ratio, which was accomplished by using a buffer solution containing 1 M KCl and greater transmembrane potential values. One concern of using a higher salt concentration is the alteration of the substate dynamics. In a recent work, the change in salt concentration had a substantial impact on the single-channel electrical signature of the staphylococcal α-hemolysin. 36 However, for the OccK1 protein, we performed single-channel electrical recordings using 500 mM KCl in the chamber, which is much closer to the physiological condition. In this case, we observed a conserved number of open substates (O 1 −O 3 ). 19 Interestingly, we found that the OccK proteins are anion selective, a feature conserved among members of this subfamily. Our investigations also show a detailed analysis of the selectivity measurements of the OccK1 channel, which were performed under different KCl gradient and pH conditions. We were not able to find an impact of pH, in the range of pH 6−8, on the ionic selectivity of the OccK1 channel. This result suggests a lack of chargeable groups within the channel lumen under these conditions. Indeed, a careful inspection of the Xray crystal structure of this channel revealed that histidine residues (pK a = 6) are located outside the channel lumen. The highly conserved anion selectivity among the members of the OccK subfamily in P. aeruginosa is in accord with the net pool of positively charged residues, such as arginines and lysines, in the central constriction of the channel (Table 1 and Figure S1 of the Supporting Information). The OccK proteins, whose crystal structure are available, show either one (OccK3 and OccK4), two (OccK1 and OccK6), four (OccK2), or seven (OccK5) net positive charges in the channel eyelet. In agreement with these structural distinctions among the members of the OccK subfamily, we determined that OccK5 is a strongly anion selective channel (Table 3 ). This correlation also holds for OccK3 and OccK4, which are nonselective and poorly anion selective channels, respectively. These ion selectivity results are also compatible with the substrate specificity of members of the OccK subfamily. For example, carboxylate-containing benzoate, gluconorate, and pyroglutamate are the preferred substrates for OccK1−OccK3, respectively. 11 On the other hand, members of the OccD subfamily do not transport these molecules. Most of the OccD channels transport arginine very well. Shall we anticipate that the OccD subfamily members are cation selective? If this is true, then this difference in ion selectivity among the members of the OccK and OccD subfamilies will add to the already known structural, phylogenetic, and functional distinctions.
The positively charged residues within the central constriction of the OccK proteins might function as catalyzers for the passage of carboxylate-containing substrates across the channel lumen. This mechanism is also present in other substrate-specific outer membrane proteins, such as the maltoporin of E. coli, which represents the pathway for sugar uptake. In this case, the attractive sites are aromatic residues, thus reducing the activation free energies for the translocation of sugar from one side of the membrane to the other. 37 In the past, we also demonstrated that attractive sites present within the channel lumen have major implications even for larger molecules, such as polypeptides traversing the channel, 29, 38 which is in accord with the theoretical predictions. 39−42 One question that emerges from this work is how the OccK channels compare with other well-studied substrate-specific or nonspecific outer membrane porins. The medium-conductance OccK channels have a greater conductance than the sugarspecific LamB porin from E. coli. 20 LamB features a singlechannel conductance of ∼53 pS per each monomer in 1 KCl. 43 This value is comparable with the single-channel conductance of the low-conductance OccK4 (∼43 pS) and OccK6 (∼71 pS) channels. This work also confirms that the OccK channels show a unitary conductance that is smaller than the value corresponding to nonspecific outer membrane porins from E. coli, such as the trimeric OmpF (∼700 pS per monomer in 1 M KCl 44, 45 ) and OmpC (∼900 pS per monomer in 1 M KCl 46 ) channels. Each monomer of these outer membrane proteins forms a 16-stranded β-barrel with a central constriction made by the inwardly folded L3 extracellular loop. 47 How do the OccK and OccD subfamily members compare to each other? Recent work performed by our teams demonstrated that the observed most probable conductance values of the OccD and OccK subfamily members are generally in accord with the available crystal structures. 11 For instance, the most probable conductance of OccD1 and OccD2 is ∼20 pS, which is very consistent with the very small diameter of these channels (<3 Å). 17 These results are also in accordance with prior electrophysiological studies performed by Ishii and Nakae, who discovered a very small unitary conductance (∼30 pS) in recordings with the OccD1 channel. 48, 49 The OccK subfamily includes a channel, OccK4, that also exhibits a very low conductance [∼43 pS (Table 1) ]. However, we determined that the most probable unitary conductance of the OccD3 channel is ∼700 pS, the largest value among all examined OccD and OccK channels. 11 This observation is not compatible with the small diameter of the channel eyelet of the OccD3 protein.
Obviously, the length, conformation, and location of each extracellular loop impact the single-channel conductance in a similar way in which a water-soluble polymer blocks the ionic flow. 50, 51 Huang and Hancock 52 found that a deletion in loop L5 of the OccD1 channel produced a 33-fold increase in singlechannel conductance.
Very interestingly, Ishii and Nakae 49 discovered that the OccD1 channel, the archetype of the OccD subfamily in P. aeruginosa, exhibited highly frequent, medium-conductance (∼400 pS in 1 M KCl) openings in lipopolysacharide (LPS)-containing lipid bilayers. In LPS-free lipid bilayers, OccD1 showed a low conductance (30 pS). However, in the LPScontaining lipid bilayers, the channel fluctuated between low-(∼30 pS) and medium-conductance (∼400 pS) open substates. Therefore, the lipid environment influenced the functional features of the OccD1 channel. This finding represents strong evidence that the composition of the lipid bilayer impacts the discrete dynamics of the open substates of the OccD1 channel. We speculate that LPS-containing bilayers might be an energetically favorable environment for transient openings of the Occ channels, promoting the transport of specific substrates or even antibiotics.
Molecular dynamics (MD) simulations show a great promise in obtaining a qualitative understanding of the stochastic motions of the extracellular long loops folded back into the channel lumen. 53, 54 For example, Bond and colleagues 55 employed MD simulations to study the conformations of the extracellular loops in the outer membrane protein OpcA from Neisseria meningitidis. They found that the lipid bilayer environment and physiological salt concentrations affected the conformation of the extracellular loops in OpcA. Therefore, it is conceivable that different crystallization conditions might influence the orientation of the extracellular loops folding back into the channel interior. Moreover, this experimental work might ignite future full-atomistic computational biophysics studies aimed at obtaining a clarification on how small molecules, such as substrates and antibiotics, traverse the complex environment of the channel lumen of members of the OccK subfamily. 56−58 In summary, we show a detailed high-resolution, singlechannel analysis of seven members of the OccK subfamily from P. aeruginosa. The electrical signature of the OccK proteins revealed diverse unitary conductance values with well-defined single-channel discrete dynamics, which is comprised of lowand medium-conductance open substates. The current gating transitions among various open substates were likely produced by stochastic fluctuations of the long extracellular loops folded back into the channel lumen. We found that the OccK proteins are anion selective, a feature that is explained at least in part by the presence of the basic ladder of arginine and lysine residues near the central constriction, and that is in accord with structural and in vitro substrate transport reconstitution studies. aeruginosa; OccK, outer membrane carboxylate channel K subfamily of P. aeruginosa; OmpC, outer membrane protein C of E. coli; OmpF, outer membrane protein F of E. coli; OprF, outer membrane protein A analogue porin of P. aeruginosa.
